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Abstract The sequence of subunit 8 of cytochrome c oxidase 
from Crithidia fasciculata was determined by sequencing cDNA 
and N-terminus of the mature protein (Mr = 15.7 kDa). The 
(inferred) protein is homologous to mammalian cox IV and the 
corresponding cox subunits from yeast, Neurospora crassa and 
Dictyostelium discoideum, which is reflected in a very similar 
hydropathy profile. Elements that are conserved in the C. 
fasciculata sequence include (i) an N-terminal (D/E)-(K/R)-X-K- 
(X2)-W-(X2)-(I/L) motif, (ii) a putative membrane-spanning 
region in the middle portion of the protein, and (iii) a C-terminal 
W-(XI3)-(N/D)-P motif. The C. fasciculata protein is synthesized 
with a cleavable presequence. 
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I. Introduction 
Cytochrome c oxidase (cox) is the terminal enzyme of the 
respiratory chain located in the mitochondrial inner mem- 
brane [1-3]. It catalyzes the transfer of electrons from reduced 
cytochrome c to molecular oxygen, while at the same time 
translocating protons across the inner membrane. Eukaryotic 
cox is a complex composed of three large rnitochondrially 
encoded subunits, which form the catalytic core, and up to 
10 smaller subunits encoded by the nuclear genome. The func- 
tion of the small subunits is still unknown, although it has 
been speculated that they are involved in complex assembly 
and (in higher eukaryotes) tissue-specific regulation [1]. 
Trypanosomes are unicellular parasites belonging to the 
order of the kinetoplastida which diverged from the main 
eukaryotic lineage more than 600 million years ago [4]. Due 
to their parasitic lifestyle, these organisms have been studied 
extensively, leading to the discovery of several biochemical 
peculiarities. One of these is the remarkable process of 
RNA editing in which mitochondrial mRNAs  (including the 
mRNAs for cox subunits II and III in Crithidia fasciculata) 
are altered posttranscriptionally b  Uridylate insertion and 
deletion (for reviews, see [5,6]). In order to study the effects 
of this process at the protein level, we have purified cox from 
*Corresponding author. Fax: (31) (20) 6915519. 
**The nucleotide sequence reported in this paper has been submitted 
to the GenBankrM/EMBL Data Bank with accesion umber Un.A,A,n.2. 
Abbreviations: cox, cytochrome c oxidase; nt, nucleotide; HIC, 
hydrophobic interaction chromatography; PAGE, polyacrylamide g l 
electrophoresis. 
C. fasciculata (Speijer et al., unpubl, results) and have in- 
itiated sequence analysis of its subunits. In this report, we 
describe the identification of one of the small subunits of 
cox from C. fasciculata as the homologue of the mammalian 
subunit IV (see e.g. [7]), which corresponds to Neurospora 
crassa cox V [8], yeast cox Va [9], and Dictyostelium discoi- 
deum cox VI [10]. 
2. Materials and methods 
Cox from C. fasciculata was purified from mitochondrial vesicles 
obtained, as described in [11], from aerated 10-1 cultures (containing 
lxl012 cells) of C. fascieulata. Lysis with 0.1% Triton X-100 was 
performed to separate the matrix proteins from the membrane-bound 
proteins. For further purification, the membrane-bound complexes 
were solubilized with 3% lauryl maltoside and cox was purified with 
the aid of a methyl hydrophobic interaction chromatography (HIC) 
column (BioRad) (Speijer et al., unpubl, results). Upon blotting of the 
complex onto PVDF membranes (BioRad), N-terminal sequences 
were obtained from the small subunits of the complex. With the aid 
of two oligonucleotides, a specific 255-nt cox subunit 8 fragment was 
generated from total RNA from C. fasciculata by RT-PCR (30 cycles 
at a hybridization temperature of 60°C). The first oligonucleotide, 5'- 
GGAATTCTGCATGTGSAGSGGRATCTCGTCCCA-3', was de- 
rived from the sequence WDEIPLHM (see Fig. 2) (S = C,G and 
R = G,A); the second oligonucleotide, 5'-GGAATTCCGCTATATA- 
AGTATCAGTTTCTGTAC-3', was based on the mini-exon sequence 
present at the 5' end of all nuclear mRNAs of C. fasciculata [12]. For 
cloning purposes, both oligonucleotides were equipped with an EeoRI 
site at the 5' end (underlined). The N-terminal sequence 
GGDMHSSDRFKAAWDEIPLHM of subunit 8 shows a low but 
distinct homology with subunit V from N. crassa (see [8], conserved 
residues are in bold; see Fig. 2). The PCR fragment was digested with 
EcoRI, cloned in PUC 19 (digested with EcoRI and treated with 
CIP), and the insert was sequenced according to [13]. The insert 
was used as a probe to screen a C fasciculata cDNA library, as 
described in [14]. One positive clone was sequenced with the aid of 
the vector-derived sequence primers and two internal primers (5'- 
GGGGTCGTCTCGCAAGCAAA-3', nt 200-219 and 5'-TTTGA- 
GAAGGAGGCATGTTG-3', nt 666-647). The complete cDNA se- 
quence and the inferred amino acid sequence have been deposited in 
GenBank under accession umber U44442. Hydropathy plots were gen- 
erated with the MacVector program using the programmed Hopp- 
Woods algorithm with a hydrophilicity window of seven residues. 
3. Results and discussion 
We have purified cox from C. fasciculata with a methyl-  
HIC column in a rapid procedure (not shown). The resulting 
cox preparation was identified as such on the basis of (i) the 
presence of CUA in electron paramagnetic resonance analysis, 
(ii) a characteristic 605-nm peak in reduced-minus-oxidized 
optical spectroscopy, and (iii) the capacity to efficiently oxi- 
dize homologous, but not heterologous, cytochrome c. 
Fig. 1 shows the result of a typical 2D PAGE experiment 
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[15] with purified cox. From close inspection of this and nu- 
merous other gels, we conclude that cox from C. Jasciculata 
consists of approximately 10 subunits, the same complex 
being present in a crude mitochondrial extract. We obtained 
N-terminal sequences of the six smallest subunits. The N-ter- 
minus of subunit 8 (arrowhead in Fig. 1) showed a low but 
significant similarity to that of N. crassa subunit V [8]. With 
the aid of oligonucleotides derived from the amino acid se- 
quence and from the mini-exon sequence present in all 6'. 
fasciculata mRNAs [12], we isolated the corresponding 
cDNA (see section 2). 
The 874-nt cDNA contained an ORF  of 157 amino acids, 
the N-terminal amino acid of the mature protein being G 28 
(indicated by a dot in Fig. 2). This results in a predicted MW 
of 15.7 kDa and a pI of 7.4 for the mature protein. Fig. 2 
shows alignment of the C. fasciculata cox 8 sequence to that 
of N. crassa cox V [8] and to that of (putative) N. crassa cox 
V homologues from other organisms uch as mouse subunit 
IV [7], yeast subunit Va [9] and D. discoideum subunit VI [10]. 
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Fig. 1. 2D PAGE analysis of purified C fasciculata cox. Purified C 
fasciculata cox (7.5 lag) was run in a first dimension 5% 'blue native' 
polyacrylamide gel and a second dimension 16% Tris/tricine polya- 
crylamide gel (see [15]). Molecular weights are indicated in kDa. 
Subunit numbers of C fasciculata cox are given on the left of the 
panel; subunit 8 is indicated by an arrowhead. The arrow above the 
Fig. indicates the direction of electrophoresis in the first dimension. 
Staining was done with Coomassie brilliant blue. The figure only 
shows the protein-containing part of the gel. 
The overall degree of identity is low: e.g. 16% of the amino 
acids in the C. faseiculata nd the yeast sequence are identical 
if conservative substitutions are included (see Fig. 2). In spite 
of that, a number of conserved elements that are present in 
(most of) the other sequences are also found in C. fasciculata: 
(i) a (D/E)-(K/R)-X-K-(X2)-W-(X2)-(I/L) motif  (amino acids 
3544;  see Fig. 2) in the N-terminal part, (ii) a putative mem- 
brane-spanning region (amino acids 84-104; see Fig. 2), and 
(iii) a W-(X13)-(N/D)-P motif  (amino acids 132-147; see Fig. 
2), previously identified in [10], in the C-terminal part. We 
conclude, therefore, that C. fasciculata cox 8 is the homologue 
of mammalian cox IV, the yeast cox Va, N. crassa cox V and 
D. discoideum cox VI. This conclusion is fully supported by a 
comparison of the hydropathy plots of the C. fascieulata sub- 
unit 8 and yeast subunit Va, as shown in Fig. 3. The profiles 
are very similar, and only in the C-terminal section some 
minor differences can be observed. The alignment further 
shows that the homologues differ in size and that in addition 
to length differences at the N- and C-termini, C. fasciculata 
cox 8 contains two extra stretches of about 10 amino acids 
each, flanking the putative membrane-spanning region, which 
are absent from the other sequences (see Figs. 2 and 3). 
It is unclear which of the three in-frame AUG's  upstream of 
the (codon encoding the) N-terminal amino acid of the mature 
C. fasciculata protein is used as a translation start site (Fig. 2). 
All of the possible presequences have several basic residues, 
but only the two that would result from initiation at the 
second or third methionine can be folded into the amphi- 
pathic helix found in the import signal of mitochondrial pro- 
teins of other organisms. These presequences would be very 
short (eight or nine amino acids, respectively), but it has been 
proposed that these exceptionally short signal peptides are 
functional in kinetoplastids (see [16]). Our results show that 
some of the conserved amino acid motifs of a small cox sub- 
unit are also present in the trypanosomatid sequence. Given 
the large evolutionary distance between trypanosomatids and 
other eukaryotes and the overall low degree of conservation 
of the small cox subunits [7-10], these motifs must be func- 
tionally important. 
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Fig. 2. Sequence alignment of cox subunit 8 from C. fasciculata with different homologues. Alignment of the sequence of C. fasciculata (C.f.) 
cox subunit 8 with subunit V from N. crassa (N.c.) [8], subunit Va from Saccharomyces cerevisiae (S.c.) [9], subunit IV from mouse [7] and 
subunit VI from D. discoideum (D.d.) [10]. An asterisk indicates conservation with respect o the C. fasciculata sequence, including conservative 
substitutions: D,E; K,R; F,Y; S,T; I,L,V. A conserved alignment of D/N in the C-terminal part is indicated by I. Highly conserved regions or 
residues are boxed. The C. fasciculata sequence starts with the methionine ncoded by the first AUG, the sequences from the other organisms 
start with the N-terminal amino acid of the mature protein. The black dot indicates the N-terminal residue of the mature C. fasciculata protein, 
the arrow indicates the part used for the design of the PCR oligo. Insertions on both sides of the putative membrane-spanning re ions to max- 
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Fig. 3. Hydropathy plots of cox subunit 8 from C. fasciculata (top) and cox subunit Va from Saccharomyces cerevisiae (bottom) [9]. The plots 
were obtained by the method of Hopp-Woods as programmed in the MacVector software. The line at 0 value divides hydrophobic regions (be- 
low) from hydrophilic regions (above). 
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